The structural and electronic response of LaAlO3 to biaxial strain in the (111) plane is studied by density functional theory (DFT) and compared to strain in the (001) plane and isostatic strain. For (111)-strain, in-plane rotations are stabilized by compressive strain and out-of-plane rotations by tensile strain. This is an opposite splitting of the modes compared to (001)-strain. Furthermore, for compressive (111)-strain in-plane rotations are degenerate with respect to rotation axis, giving rise to Goldstone-like modes. We rationalize these changes in octahedral rotations by analyzing the VA/VB polyhedral volume ratios. Finally, we investigate how strain affects the calculated band gap, and find a 28 % difference between the strain planes under 4 % tension. This effect is attributed to different A-site dodecahedral crystal field splitting for (001)-and (111)-strain.
I. INTRODUCTION
A central trait of the perovskite oxides is their strong structure -property coupling. From a thin film point-of-view this opens the possibility to tune and modify the properties by epitaxial strain. Examples include induced room temperature ferroelectricity in SrTiO3, which is non-polar in bulk, 1 induced metal insulator transitions in manganites, 2 enhanced Curie temperature and polarization in BaTiO3, 3 increased superconducting critical temperature in La2-xSrxCuO4, 4 as well as induced multiferroicity in SrMnO3. 5 This makes strain a valuable tool not only for applications, but also for understanding the physics of perovskite oxides.
Particularly interesting is the strain response of the corner-sharing BO6 octahedra, which is essential to the physical properties of perovskite materials. In general, strain in perovskites can be accommodated by either changes in B-O bond lengths, rotations of the oxygen octahedra or by the formation of dislocations or point defects. 6 In bulk materials octahedral rotations reduce the size of the A-site dodecahedron, thereby mitigating the size mismatch between A and B cations when the Goldschmidt tolerance factor is below unity. 7 Generally it has been shown that compressive strain in the (001)-plane increases the rotations around the out-of-plane axis, and reduces rotations around inplane directions, while for tensile strain in the (001)-plane the rotations around in-plane directions increases. [7] [8] [9] [10] It has further been shown that these effects can be tuned by changing the out-of-plane lattice parameter through strain doping by light noble elements such as He. 11 to the best of our knowledge, no systematic study of how octahedral rotations behave when strained in the (111)-plane as compared to the (001)-plane.
In this work DFT is used to study how the octahedral rotations are affected by biaxial strain in the (111)-plane and compared to (001)-strain. To this extent LaAlO3 (LAO) is chosen as model system as bulk LAO only exhibit rotational distortions with no Jahn-Teller or ferroelectric instabilities. The choice is further motivated by the findings of a quasi 2-dimensional electron gas at the (001)-interface between LAO and SrTiO3, 20 which has later been extended to also include the (111)-interface. 21 The octahedral response of LAO to (001)-strain is well established. 9, 10 For strain in the (001) modes. The choice of strain plane also affects the orbital splitting, and in LAO this manifests as significant changes to the band gap. The paper is structured as follows: In section II the calculation details are given. Section III discusses the different crystalline phases that are stable for different values of strain, followed by section IV where we discuss how the octahedral rotations depend on strain and compare it to the calculated polyhedral volume ratio. Finally, in section V the effect of strain plane on crystal field splitting of the orbital energies and the electronic band gap is discussed.
II. COMPUTATIONAL DETAILS
The calculations were performed with the projected augmented wave (PAW) method 22, 23 as implemented in the Vienna Ab-initio Simulation package (VASP). 23, 24 All relaxations were done with the Perdew-Burke-Ernzerhof generalized gradient approximation for solids (PBE-sol) functional, which has been shown to give better results than the standard PBE for structural relaxations. 25 The PAWpotentials with electron configurations 4 ²4 ⁶5 ¹6 ², 3 7 3 8 and 2 ²2 ⁴ were used for the La, Al and O respectively, while the plane wave cut off was set to 550 and 800 eV for (001) and (111)-strain respectively. The GGA+U (Dudarev et al. 26 ) with U=10 eV was applied to the La f-states, in order to move them away from the bottom of the conduction band, 10, 27 this assumption was later confirmed by the hybrid functional calculations, which were done with the HSE-sol functional. 28 To simulate the effect of epitaxial strain, the in-plane lattice parameters were locked, while the out- for the 30 atom √2 × √2 × 2√3 supercell, a 6 × 6 × 3 Γ-centered k-point mesh was used. Phonon calculations were performed utilizing the frozen phonon approach 29 and analyzed with the phonopy software. 30 The phonon calculations were performed with 2 × 2 × 2 supercells of the ideal 5 atom perovskite structure; 3 # symmetry for the unstrained cells, and 4/ and 3 # for (001)-and (111)-strain, respectively. These cells were relaxed until the energy difference between subsequent ionic steps were lower than 10 FG eV. The determination of space groups where done with the FINDSYM software with a tolerance of 0.005 Å. 31 Rotations angles , and about the pseudocubic axes , and respectively, are defined as shown in Fig. 1 a and b) . For (001)-strain, the and directions are in the strain plane, while is out-of-plane, while for (111)-strain none of the directions are perpendicular or parallel to the strain plane. All crystallographic directions are given in the pseudocubic setting unless otherwise stated.
III. STRUCTURAL PHASES
LAO has 3 # symmetry which deviates from the aristotype cubic 3 # perovskite with anti-phase rotations around one of the pseudocubic 〈111〉-axes ([111], [111 # ], [11 # 1] , or [1 # 11] ), which can be described in the Glazer tilt system as F F F . 32 The equilibrium structure based on our calculations has lattice parameters of a = 5.384 Å (pseudocubic 3.807 Å), c = 13.146 Å (pseudocubic 3.795 Å) in the hexagonal setting, and has rotations of the oxygen octahedra around the [111] axis of 4.75°, all in good agreement with litterature. 33 Hydrostatic pressure results in a decrease of the rotation angle, and for compressive isostatic strain of more than 2 %, the cubic 3 # phase is lower in energy than 3 # . This is also in good agreement with experiments on bulk LAO where the rotation angles decrease with increasing hydrostatic pressure until a phase transition to cubic 3 # occurs at 14 GPa. 34 This hydrostatic pressure corresponds to a compression of all lattice parameters of about 2 %, in good agreement with our calculated isostatic strain at the phase transition.
To investigate the effect of strain on lattice distortions the phonon frequencies were calculated for cubic LAO under both (001) has the lowest energy, while for tensile strain the tetragonal structure, with tilt pattern F F @ , has the lowest energy. For small levels of (001)-strain (±0.25 %) LAO accommodates a monoclinic 2/ structure. This 2/ structure is similar to the 3 # space group but has tilt pattern F F F instead of F F F , as the out-of-plane lattice parameter is no longer equal to the in-plane lattice parameter and any perturbation from the unstrained system has to change the symmetry. However, as the deviation from the 3 # space group is small within the limited strain window where this 2/ structure is stable, we will label it as 3 # for the rest of this paper. For (111)-strain, as shown in Fig. 4 b), tensile strain preserves the bulk 3 # symmetry. In this case the rotation axes of the octahedra are now always perpendicular to the strain plane, i.e. the four 〈111〉-axes are no longer degenerate. Also in accordance with the phonon calculations, for compressive (111)-strain the three different monoclinic phases ( 2/ , 2/ and 1 # ) are degenerate. The energy differences between these three phases are calculated to be less than 0.1 meV/formula unit (f.u.). Also, these three monoclinic phases are lower in energy than the bulk 3 # phase for all compressive strain values considered. The structural parameters from the different phases for representative values of strain are shown in Table   I .
Another difference between (001)-and (111) As shown in Fig. 3 , the two in-plane modes have degenerate phonon frequencies, indicating that the 2 nd order terms in a harmonic approximation are equal. 36 However, the 4 th order terms does not need to be equal, which in turn could make certain in-plane rotation axes favored. Hence, to investigate if there are favored in-plane directions for the rotations, the two in-plane modes are simultaneously frozen to identify possible combinations giving an energy lowering. Figure 6 37 While such modes are common in isotropic materials, few experimentally observations are available for anisotropic crystals, with one exception being superconducting Cd2Re2O7. 38 Goldstone-like modes have been proposed to occur in carefully engineered ferroelectric Ruddlesden-Popper phases from DFT calculations. 39 Further we note that under quadratic (111)-strain there is only 30° between symmetry equivalent axes of the orthogonal rotations (〈11 # 0〉 and 〈112 # 〉), while for (001)-strain these axes (〈100〉 and 〈010〉) are separated by 90°. Hence, it is possible that the underlying energy landscape is not a perfect circle, but instead a regular dodecagon where the energy differences between possible local minima and maxima are less than 0.1 meV/f.u., lower than the resolution of the DFT-calculations.
From a thin film perspective, by relying on compressive (111)-strain, there is no apparent driving force for domain formation, e.g. it should be possible to synthesize compressively (111)-strained structurally monodomain LAO thin films. However, the choice of substrate could lift this degeneracy, either through imprinting the rotation pattern of the substrate, or through non-quadratic strain from e.g. an orthorhombic substrate.
IV. OCTAHEDRAL ROTATIONS AND POLYHEDRAL VOLUME RATIO
We now turn to how the strain is mitigated through octahedral rotations in the different phases by comparing the rotations projected on the pseudocubic axes. Figure 7 shows how the strain affects the rotations for the different symmetries as a function of (001)-and (111)-strain. For the (001)-strain, in Fig. 7 a) , the tilt pattern switches from the bulk F F F tilt pattern to @ @ F for compressive strain, and to F F @ outside the small window (±0.25 %) where the F F F tilt is stable. We further confirm that the rotation amplitudes of the respective phase behaves approximately linear for increasing absolute value of strain, as reported by Hatt and Spaldin. 9 However, for (111)-strain, in To better understand the anisotropic effects of strain a comparison to calculations with isostatic strain emulating hydrostatic pressure is performed, the results are shown in Fig. 7e ). For the degenerate LAO phases, the rotation amplitude decreases monotonically with increasing compressive strain, Fig. 7 bd ). This is qualitatively similar the response to hydrostatic pressure, 34 and is attributed to the higher compressibility of the Al 3+ octahedra than the La 3+ dodecahedra, as is commonly found for III-III perovskites. 40 We note that even though the rotation amplitudes are reduced for (111)-compression, a possible phase without any rotations such as 3 # or 3 # is never obtained for the range of strain range considered here This is in contrast with the response of hydrostatic pressure, Fig. 7 e) , resulting in a 3 # phase for compressive strain larger than 2%.
In order to better quantify how strain distorts the crystal we have calculated the polyhedral volume ratio Y / Z , the volume of the A-site dodecahedron divided by the volume of the B-site octahedron.
The ratio VA/VB is equal to 5.0 for the cubic structure without octahedral tilt, and the deviation from 5.0 is proportional to the degree of structural distortion. 41, 42 The polyhedral volume ratio as a function of strain in the (001)-and (111)-planes is shown in Fig. 8 , as well as how it changes for isostatic strain. affect the electronic properties. In Fig. 10 the PBE-sol band gap is plotted vs strain in the (001)-and (111)-plane, and compared to the results for isostatic strain. As seen, the band gap for (001)-strain is decreasing for both tensile and compressive strain, while for (111)-strain the band gap is decreasing for compressive strain and increasing for tensile strain, similar to the effect of hydrostatic pressure.
Since the trend is opposite for tensile (001)-and (111)-strain, LAO has a significant different band gap for different strain planes, ∼ 0.8 eV at 4% tensile strain, corresponding to a change of 28 %. There is also a slight difference in band gap between the degenerate monoclinic phases, where 2/ has the highest band gap followed by 1 # and 2/ . However, these differences are below 0.1 eV for 0.25 % compressive strain, and are further reduced for increasing compressive strain, due to all the rotation angles being reduced; thus the structures becoming more and more similar. is also present, but it is superimposed on the stronger effect of splitting of the e orbitals; thus the band gap is reduced also for tensile (001)-strain, however less compared to compressive (001)-strain.
This is all summarized in schematic density of states (DOS) shown in Fig. 11 . A difference in calculated band gap between (001)-and (111)-strain were also reported for SrTiO3. However, for SrTiO3 the effect were attributed to suppression of ferroic distortions 18 instead of different orbital splitting as we show here.
VI. CONCLUSIONS
Epitaxial strain in the (001) Figures   FIG 1, a) 
